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In response to Wnt signaling during animal
development, b-catenin accumulates in nuclei
to mediate the transcriptional activation of
target genes. Here, we show that a highly con-
served b-catenin in the annelid Platynereis
dumerilii exhibits a reiterative, nearly universal
embryonic pattern of nuclear accumulation
remarkably similar to that observed in the nem-
atode Caenorhabditis elegans. Platynereis
exhibits b-catenin sister-cell asymmetries after
all cell divisions that occur along the animal/
vegetal axis beginning early in embryogenesis,
but not after two transverse divisions that
establish bilateral symmetry in the trunk. More-
over, ectopic activation of nuclear b-catenin
accumulation in Platynereis causes animal-
pole sister cells, which normally have low
nuclear b-catenin levels, to adopt the fate of
their vegetal-pole sisters, which normally have
high nuclear b-catenin levels. The presence of
reiterative and functionally important b-catenin
asymmetries in two distantly related animal
phyla suggests an ancient metazoan origin of
a b-catenin-mediated binary cell-fate specifica-
tion module.
INTRODUCTION
b-catenin is a highly conserved protein, encoded by a
single copy gene in most animals, with important develop-
mental roles in both cadherin-mediated cell adhesion and
canonical Wnt signaling (Logan and Nusse, 2004; Nelson
and Nusse, 2004; Schneider et al., 2003). The levels and
cellular localization of b-catenin during development are
controlled in part by the regulation of protein stability
(Peifer and Polakis, 2000). In the absence ofWnt signaling,
a destruction complex that includes the kinase GSK-3b
phosphorylates and targets b-catenin for degradation by
the proteasome. In the presence of Wnt signaling, GSK-
3b is inhibited and b-catenin is stabilized, leading to its
accumulation in the cytoplasm and nucleus. NuclearDb-catenin binds to TCF/LEF-1 transcriptional repressors,
converting them into activators. The levels of nuclear
b-catenin thereby provide a limiting switch for the
transcriptional state and fate of cells during development
(Stadeli et al., 2006; Willert and Jones, 2006). This nuclear
b-catenin switch mediates organizer specification in ver-
tebrates (Larabell et al., 1997; Schneider et al., 1996),
endomesodermal specification in basal deuterostomes
(sea urchins and ascidians) (Imai et al., 2000; Logan
et al., 1999), segment formation in arthropods (Orsulic
and Peifer, 1996), and posterior versus anterior sister-
cell-fate specification in the nematode Caenorhabditis
elegans (Rocheleau et al., 1999).
Understanding the evolution of embryonic b-catenin
function has been challenging, as the modes of early
embryogenesis in different animal phyla have been sub-
jected to extensive evolutionary change and are difficult
to compare (Raff, 1996). b-catenin has been studied
mainly in deuterostomes, including echinoderms (Logan
et al., 1999), ascidians (Imai et al., 2000), and vertebrates
(Larabell et al., 1997; Schneider et al., 1996); in ecdysozo-
ans, including insects (Orsulic and Peifer, 1996) and
nematodes (Kidd et al., 2005; Rocheleau et al., 1999);
and in one prebilaterian outgroup, the cnidarian sea
anemone Nematostella vectensis (Wikramanayake et al.,
2003) (Figure 1A). Based on these studies, it has been
proposed that the ancestral metazoan function of acti-
vated b-catenin in early embryogenesis is the specifica-
tion of endomesodermal versus ectodermal cell lineages
(Wikramanayake et al., 2003).
The roles of activated b-catenin during embryogenesis
in Drosophila and C. elegans are thought to be highly
derived exceptions to its more conserved roles in other
organisms. In the Drosophila embryo, b-catenin acts rela-
tively late in development during segmentation (Orsulic
and Peifer, 1996). In C. elegans, activated b-catenin func-
tions in a binary specification mechanism to specify
posterior sister-cell fates after nearly every anterior-
posterior-oriented cell division in embryonic and postem-
bryonic development (Kaletta et al., 1997; Lin et al., 1998).
The two b-catenin-related C. elegans proteins involved in
this process, WRM-1 and SYS-1, are extremely derived,
only weakly resembling the highly conserved b-catenins
encoded by single-copy genes in most metazoans (Kidd
et al., 2005; Schneider et al., 2003). Moreover, the Wnt-
signaling pathway that regulates WRM-1 and SYS-1 isevelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 73
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b-Catenin Asymmetries in a PolychaeteFigure 1. Phylogenetic Position and Embryogenesis of Platynereis dumerilii
(A) Animal phylogeny based on morphological and molecular data (Aguinaldo et al., 1997). Prebilaterians (e.g., sponges [Porifera] and jelly fish [Cni-
daria]) are separated from the bilaterians. Bilaterians are subdivided into three superphyla: the deuterostomes (e.g., sea urchins [Echinodermata] and
vertebrates [Chordata]) and two protostome superphyla, the ecdysozoans (e.g., insects [Arthropoda] and nematodes) and the lophotrochozoans
(e.g., snails [Mollusca] and earthworms [Annelida]). Spiralia are phyla with a spiral-cleavage mode of embryogenesis. Polychaetes are basal, mostly
marine annelids.
(B) Developmental stages of the polychaete Platynereis dumerilii (modified after Fischer and Dorresteijn, 2004). Animal-pole views of early-stage
embryos are shownwith the small, centrally positioned polar bodies that define the animal pole. The first two unequal cleavages produce four founder
cells (quadrants) called A, B, C, and D. Subsequent invariant asymmetric cell divisions within each of these four quadrants segregate four sets of
micromeres (first set = 1a–1d) from the macromeres (first set = 1A–1D). A sequence of spindle orientations that are all partially aligned along the
animal/vegetal axis produces a spiral arrangement of smaller micromeres and larger macromeres. The first animal sister micromeres (e.g., 1a) are
positioned slightly to the left of the vegetal sister macromeres (e.g., 1A). During the next (4th) cleavage cycle, the animal sister cells (e.g., 1a1) are
positioned to the right of their vegetal sister cells (e.g., 1a2). These orientations alternate with each round of division, producing the spiral arrangement.
Blastomeres that eventually produce a ring of ciliated cells (prototroch, involved in larval locomotion) are colored green. 2d112, a descendant of the
first somatoblast, 2d, divides equally and perpendicular to the animal/vegetal axis, segregating the left and right progenitors of trunk ectoderm, 2d1121
and 2d1122. Three days after fertilization a juvenile worm with a head and a three-segment trunk has formed (ventral view, anterior is oriented toward
the top, posterior is oriented toward the bottom). It will continue to add more segments from a posterior growth zone.unusual (Herman and Wu, 2004). For example, C. elegans
GSK-3 positively regulates b-catenin, in contrast to its
negative role in more canonical Wnt pathways (Yost
et al., 1996).
While b-catenin has been studied extensively in the
derived Drosophila and C. elegans model systems, its
roles in other protostome embryos, particularly within
the less-studied bilaterian superphylum Lophotrochozoa
(e.g., mollusk, annelid) (Aguinaldo et al., 1997), have not
been described (Figure 1A). Therefore, we examined the
polychaete Platynereis dumerilii (Fischer and Dorresteijn,
2004). This marine annelid appears to have retained
ancestral morphological and genomic features, including
a slowly evolving protein complement (Raible et al.,
2005). Both its phylogenetic position and the retention of
more ancestral protein sequences and gene structures
make Platynereis useful for comparison to other bilaterian
taxa, and for inferring ancestral gene functions.
A prominent feature of Platynereis is its spiral-cleavage
mode of early development (Fischer and Dorresteijn,
2004), a pattern of asymmetric cell divisions shared with
many other lophotrochozoan phyla (Figures 1A and 1B).
The first two mitotic divisions in Platynereis embryos74 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Incproduce four cells that define quadrants of the embryonic
lineage (A, B, C, and D). Subsequently, four rounds of
spiral cleavage, oriented along the animal/vegetal axis,
sequentially segregate sets of four smaller daughter cells
called micromeres (1a–1d to 4a–4d) toward the animal
pole, as defined by the position of the meiotic polar
bodies, and sets of four larger vegetal daughter cells
called macromeres (1A–1D to 4A–4D). In unequal spiral-
cleaving embryos like Platynereis, the first four embryonic
cells are themselves different in size, and the subsequent
spiral cleavages produce lineages in which all cells can be
identified by size and position. Based on the early work of
E.B. Wilson (1892) on Nereis limbata, and more recent
investigations of Platynereis dumerilii (Ackermann et al.,
2005; Dorresteijn, 1990; Schneider et al., 1992), the cell
fates for most early lineages are known. Of particular inter-
est are twoD-quadrant cell lineages: the first somatoblast,
2d, and the mesentoblast 4d, which are the sole progeni-
tors for trunk ectoderm and trunk mesoderm, respectively
(Figure 1B). Themesentoblast 4d and 2d112, a descendant
of the first somatoblast, 2d, divide equally and orthogo-
nally to the animal/vegetal axis, marking the transition
from a spiral-cleavage pattern to the bilaterally.
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b-Catenin Asymmetries in a Polychaetesymmetrical organization of the trunk. Seventy-two hours
after fertilization, a bilaterally symmetrical juvenile worm
with a defined head region, a three-segmented trunk
with appendages, and a posterior growth zone is pro-
duced (Figure 1B).
Here, we report our identification of a highly conserved
b-catenin in Platynereis and document its subcellular
localization in 390 blastomeres during 195 embryonic
cell cycles. We discovered nuclear and cytoplasmic b-
catenin asymmetries between animal-pole (low b-catenin)
and vegetal-pole (high b-catenin) sister-cell pairs in most
animal/vegetal-oriented cell divisions (175 pairs). This b-
catenin asymmetry was not observed in six transverse
cell divisions, including, most notably, the two that
establish bilateral symmetry in the trunk. The asymmetry
was reversed in at least 11 animal/vegetal-oriented
divisions. The nuclear and cytoplasmic accumulation of
b-catenin in animal-pole sisters was negatively regulated
by GSK-3b, and ectopic nuclear b-catenin activation in
animal-pole sister cells caused them to adopt the fate of
their vegetal sisters. We conclude that a highly conserved
and canonical b-catenin pathway functions in a reiterative
binary cell-fate specification mechanism throughout early
embryogenesis in Platynereis.
RESULTS
Platynereis b-Catenin: Highly Conserved
in Sequence and Subcellular Localization
Using degenerate PCR and subsequent screening of
cDNA libraries, we identified a single b-catenin gene in
Platynereis (Figure S1; Table S1; see the Supplemental
Data available with this article online). The predicted b-
catenin protein is highly conserved, with domains and
motifs involved in cell adhesion and cell signaling that
are characteristic of single-copy, bifunctional b-catenins
(Schneider et al., 2003); it shares over 70% amino acid
identity with b-catenins from other bilaterians
(Figure S1C; Table S1). The highly conserved nature of
Platynereis b-catenin is particularly apparent within the
12 Armadillo repeats (454 aa), which differ by only 37
amino acids (<8%) from the reconstructed ancestral bilat-
erian b-catenin sequence (Figure S1B).
To examine the distribution of b-catenin during embryo-
genesis in Platynereis, we used an antibody that recog-
nizes a single b-catenin in several vertebrates (Schneider
et al., 1996). This antibody recognized a single protein of
the predicted size for Platynereis b-catenin on western
blots (Figure 2A) and stained adherens junctions in the
epithelia of the epidermis and gut in fixed Platynereis
larvae and young adults (Figure 2A; data not shown). We
also detected expression on cell membranes, in the
cytoplasm, and in blastomere nuclei throughout embryo-
genesis (Figures 2B, 3, 4, and 5), and we observed
elevated expression levels after treatments with GSK-3b
inhibitors (see below). As these are widely conserved
features of b-catenin in other metazoans (Nelson and
Nusse, 2004), we conclude that this antibody specifically
recognizes b-catenin in Platynereis embryos.DeAnimal/Vegetal b-Catenin Asymmetries in Nuclei
of Sister-Cell Pairs throughout the Embryonic
Cell Lineage
We observed extensive differences in the nuclear levels of
b-catenin throughout early embryogenesis (Figures 2B, 3,
4, and 5). To understand these asymmetries we deter-
mined their relationship to the embryonic cell lineage. To
do this, we fixed and stained specimens at 43 different
time points and used 15 min intervals throughout the first
12 hr of Platynereis development, up to the 200-cell
stage (see Figure S2A). We established triple immunohis-
tochemical staining procedures to visualize b-catenin
simultaneously with cell-cycle markers including a-tubu-
lin, g-tubulin, and histones. A total of 276 embryos were
analyzed by confocal microscopy, recorded as z-stacks,
and three-dimensionally reconstructed (for an example,
see Movie S1; Figure S2B). Every individual blastomere
in each specimen was identified based on size, cell-cycle
state, position relative to the animal pole and neighboring
cells, and previous observations of cell lineages in several
Platynereis species (Dorresteijn, 1990; Schneider et al.,
1992; Wilson, 1892) (Figures S2C and S2D; Experimental
Procedures). Our dense sampling enabled us to collect
data on b-catenin localization continuously during the first
195 cell divisions and the cell cycles of 390 individually
identified blastomeres, and to examine the levels of b-cat-
enin for each nucleus in20 or more embryos. In addition,
we quantified our observations with pixel-intensity
measurements of b-catenin immunofluorescence within
the nuclei and cytoplasms of individual blastomeres (Fig-
ures S2E, S2F, S3, and S4).
Remarkably, we observed animal/vegetal asymmetries
in nuclear b-catenin levels in sister cells produced by
every cell division oriented along the animal/vegetal axis.
Beginning at the eight-cell stage, after the first set of spiral
cleavages, we observed lower levels of b-catenin in the
nuclei of animal-pole sister cells 1a–1d, and higher levels
of b-catenin in the nuclei of vegetal-pole sisters 1A–1D
(Figures 2B and 2C). We confirmed the stereotypic occur-
rence of this phenomenon in six eight-cell stage embryos
(Figure S3). During the next cell division, the four animal
micromeres 1a–1d and the four vegetal macromeres 1A–
1D divide along the animal/vegetal axis to form the 16-
cell stage. We again found, by confocal analysis (Figure 3)
and pixel-intensity measurements of six specimens
(Figure S4), that nuclear b-catenin levels decreased in
animal-pole sister cells (1a1–1d1 and 2a–2d) and in-
creased in vegetal-pole sisters (1a2–1d2 and 2A–2D). Ani-
mal/vegetal asymmetries of cytoplasmic b-catenin were
less pronounced but also occurred stereotypically later
in the cell cycle (Figure S4; data not shown). We observed
similar animal/vegetal nuclear and cytoplasmic asymme-
tries in every subsequent cell division during the early
spiral-cleavage stages (until the generation of the fourth
set of micromeres, 4a–4d) and in almost every cell division
during and beyond the transition to a bilateral symmetrical
pattern of cell divisions (including embryos as late as the
18 hr stage), in 175 of 195 observed cell divisions (Figure 4;
Figures S2B–S2E; data not shown). We conclude thatvelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 75
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b-Catenin Asymmetries in a PolychaeteFigure 2. b-Catenin Localization in
Platynereis Embryos
(A) Polyclonal antibodies that recognize verte-
brate b-catenin detect a single band on west-
ern blots of Platynereis early embryonic
extracts as well as epithelial cell junctions in
fixed embryos.
(B) Immunofluorescent photomicrographs of
animal/vegetalb-cateninasymmetries inafixed
eight-cell-stage embryo (animal-pole views):
optical sections through animal micromere
nuclei 1a–1d (left) and vegetal macromere
nuclei 1A–1D (right). Macromere 1D is on the
bottom. Black bars connect sister-cell pairs.
In the upper images, b-catenin is white. In the
lower images, b-catenin is red, a-tubulin is
green, and histone is blue.
(C) Pixel-intensity measurements of nuclear
(blue bars) and cytoplasmic (purple bars)
b-catenin in animal micromeres (1a–1d) and
vegetal macromeres (1A–1D) of an eight-cell-
stage embryo. Bars represent the mean pixel
intensity of five measurements within the
nucleus and yolk-free cytoplasm. Lineage
relationships of blastomeres are indicated.animal/vegetal b-catenin sister-cell asymmetries are
a general feature of animal/vegetal-oriented cell divisions
throughout Platynereis embryogenesis.
b-Catenin Asymmetries Emerge during Telophase
We observed a stereotyped emergence of b-catenin
asymmetries during the cell cycles of 175 animal/
vegetal-oriented cell divisions. The nuclear and cytoplas-
mic levels of b-catenin steadily increased in vegetal sister
cells during both interphase and prophase, with sisters
of smaller size and longer cell cycles accumulating
the highest levels (see 1a2–1d2 in Figure 4A and Figure
S4 #6; 1a12–1d12 in Figure 4B and Figure S2D; 2a2–2d2
in Figure 4B). As mitosis proceeded, nuclear-envelope76 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inbreakdown was followed by a roughly equal redistribution
of b-catenin to both spindle poles (see 1c2 in Figure 4A;
1c112 and 1d112 in Figure 4B; Figure S2D). Subsequently,
the earliest b-catenin asymmetries appeared in late
telophase, with a slight enrichment in the nuclei of
vegetal-pole sisters (see 1c1122 and 1d1122 in Figure 4B).
The animal-pole sister nuclei remained b-catenin nega-
tive. During interphase, these initial b-catenin asymme-
tries increased over time (for example, 1c1121 and 1c1122
in Figure 4B).
By contrast, the nuclear and cytoplasmic levels of b-
catenin steadily decreased in animal-pole sister cells
during interphase and prophase, with blastomeres of
larger size and shorter cell cycles exhibiting a smallerc.
Developmental Cell
b-Catenin Asymmetries in a PolychaeteFigure 3. Animal/Vegetal b-Catenin Asymmetries between Animal-Pole and Vegetal-Pole Sister Cells: 8-Cell Stage to 16-Cell
Stage
Immunofluorescent photomicrographs of animal/vegetal b-catenin asymmetries in fixed embryos during the division of the first animal-pole micro-
meres, 1a–1d (animal views; polar bodies, which define the animal pole, are colored blue in the schematic drawings). Division of 1a–1d captured in
pro-, meta-, telo-, and interphase of animal-pole sister cells 1a1–1d1 and vegetal-pole sisters 1a2–1d2 (from left to right). Red and green dots outline
the divisions of 1b and 1c, respectively. In the upper images, b-catenin is white. In the lower images, b-catenin is red, a-tubulin is green, and g-tubulin
is blue. Schemes to the left show mother cells, their daughters, and the observed b-catenin pattern and explain the cell-lineage nomenclature.
Schemes below each panel identify blastomeres; depict microtubule arrays during mitosis (at poles, spindles, and midbodies), polar bodies
(blue), and, on the far right, sister-cell pairs (black bars); and illustrate the relative levels of nuclear b-catenin (red = high, gray = low).decrease in b-catenin levels (see 1a–1d in Figure 3; 1a1–
1d1 in Figure 4A; 1a111–1d111 in Figure S2D). Later in mito-
sis, the mitotic spindle poles of the animal-pole sisters
exhibited a faint and equal enrichment of b-catenin (see
1a–1d in Figure 3; 1a1–1d1 in Figure 4A). As in the daughter
cells produced by vegetal-pole sisters with high levels of
nuclear and cytoplasmic b-catenin, the earliest b-catenin
asymmetries in the daughters of animal-pole sisters
appeared in late telophase, with a slight enrichment in
the nuclei of vegetal-pole daughters (see 1c1 and 1c2
and 1b1 and 1b2 in Figure 3). We conclude that both
animal- and vegetal-pole sister cells equally segregate
b-catenin to both spindle poles during animal/vegetal
cell divisions and begin to establish asymmetries during
late telophase.DThe Exceptions: Absences and Reversals
of b-Catenin Asymmetries
After some cell divisions, we observed exceptions to the
extensive and reproducible sister-cell asymmetries in
the nuclear b-catenin levels described above. First, nu-
clear b-catenin levels appeared to be low in both sister
cells after each of the two bilaterally symmetrical divisions
that occur perpendicular to the animal/vegetal axis: the
divisions of 2d112, a descendant of the first somatoblast,
2d, and of the 4dmesentoblast (Figures 5A and 5B). These
two transverse divisions segregate progenitors of the left
and right trunk ectoderm and trunk mesoderm, respec-
tively (Wilson, 1892). Four additional sister pairs showed
equally elevated levels of nuclear b-catenin after the trans-
verse divisions of 1a22–1d22, which participate in theevelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 77
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b-Catenin Asymmetries in a PolychaeteFigure 4. Animal/Vegetalb-CateninAsymmetries betweenAnimal-Pole andVegetal-PoleSisterCells: 16-Cell Stage to 49-Cell Stage
(A and B) Immunofluorescent photomicrographs of animal/vegetal b-catenin asymmetries in fixed embryos during three consecutive divisions of the an-
imal-polemicromeres 1a1–1d1 (animal views; polar bodies,which define the animal pole, are colored blue in the schematic drawings). (A) 16-cell to the 32-
cell stage: division of 1a1–1d1 captured in pro-, meta-, telo-, and inter/prophase of animal-pole sister cells 1a11–1d11 and vegetal-pole sisters 1a12–1d12
(from left to right). (B) 32-cell to49-cell stage:divisionof 1a11–1d11captured in telo- and inter-/pro-/metaphaseof animal-pole sister cells 1a111–1d111 and
vegetal-pole sisters 1a112–1d112; and division of 1c112–1d112 captured in telo- and interphase of animal-pole sister cells 1c1121–1d1121 and vegetal-pole
sisters 1a1122–1d1122 (from left to right). See the end of the Figure 3 legend for descriptions of the immunofluorescent colors and the schematic drawings.78 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc.
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b-Catenin Asymmetries in a PolychaeteFigure 5. The Exceptions: Absences and Reversals of b-Catenin Asymmetries
(A and B) Absence of b-catenin asymmetries after bilateral symmetrical divisions of the descendant of the first somatoblast, 2d112, and the mesen-
toblast 4d, respectively.
(C and D) Reversals of animal/vegetal b-catenin asymmetries during the segregation of (C) 4d12, 4d22 and (D) 4d112, 4d212 (putative primordial germ
cells; see Zelada-Gonzales, 2005).
Immunofluorescent photomicrographs show the dorsal midline of fixed embryos (dorsal views; with the vegetal pole at the bottom). See the end of the
Figure 3 legend for descriptions of the immunofluorescent colors and the schematic drawings.formation of an equatorial ciliated ring called the proto-
troch. Second, some sister-cell pairs always exhibited
a reversal of b-catenin asymmetry, with higher levels of
nuclear b-catenin in the animal-pole sisters and lower
levels in the vegetal-pole sisters. We observed such rever-
sals after the segregation of a series of small cells from the
trunk mesodermal cell lineages: 4d12, 4d22, 4d112, 4d212,
4d1112, 4d2112, etc. (Figures 5C and 5D), putative primor-
dial germ cells (Zelada-Gonzales, 2005). Reversals were
also observed after the division of 2d111, a cell localized
on the dorsal midline, and after the division of two cells
(2d112122 and 2d112222) involved in the formation of the
blastopore (data not shown).
Functional Requirements for b-Catenin
Asymmetries
To ask if the animal/vegetal sister-cell b-catenin asymme-
tries are regulated by Wnt signaling and protein degrada-
tion, we investigated the effects of GSK-3b inhibitors.
Exposure at different developmental stages to lithium
ions or the chemical compounds Alsterpaullone or 1-Aza-
kenpaullone (Hedgepeth et al., 1997; Kunick et al., 2004;
Leost et al., 2000; Schneider et al., 1996; see Experimental
Procedures) stabilized b-catenin and increased its nuclearDand cytoplasmic levels in animal-pole sisters (Figure 6;
data not shown). We found that the mesentoblast 4d
and the first micromeres, 1a–1d, and their animal descen-
dants 1a1–1d1 and 1a11–1d11 were particularly sensitive to
these treatments: 45 min exposures to 5 mM 1-Azaken-
paullone most reproducibly increased both cytoplasmic
and nuclear b-catenin levels in animal-pole sisters, and
such temporally targeted exposures were used through-
out the following experiments. The sensitivity of cytoplas-
mic and nuclear b-catenin levels to these GSK-3b inhibi-
tors suggests that the same degradation machinery that
operates during canonical Wnt signaling in other animals
also regulates Platynereis b-catenin (Logan and Nusse,
2004).
We next asked whether ectopic b-catenin stabilization
in animal-pole sisters results in losses of the animal-pole
cell fates predicted by the invariant Platynereis lineage.
The mesentoblast 4d is the sole trunk mesodermal
progenitor cell in polychaete embryos and produces all
of the trunkmusculature (Ackermann et al., 2005). Tempo-
rally targeted elevation of nuclear b-catenin in the mesen-
toblast 4d resulted in a loss of both posterior body elonga-
tion and, as predicted by the cell lineage, trunk
musculature (Figure 6A). We also tested theevelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 79
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b-Catenin Asymmetries in a PolychaeteFigure 6. Temporally Targeted Stabilization of b-Catenin in Animal Sister Cells: Animal-to-Vegetal Sister-Cell Fate Transforma-
tions
(A) GSK-3b inhibition in the mesentoblast 4d caused elevated nuclear b-catenin levels (white in top row) and resulted in morphological defects and
a loss of trunk musculature in 3-day juveniles (lower row; muscle actin is green, b-catenin is red, and a-tubulin is blue). Earlier treatments with GSK-3b
inhibitors resulted in morphological defects, but did not prevent production of muscle actin, indicating that the loss of trunk musculature after later
treatments was not secondary to the morphological defects.
(B) Targeted treatment of the first animal micromeres, 1a–1d, caused an increase in nuclear b-catenin (upper panel, white) and led to 1-day-old larvae
with a complete loss of the animal anterior hemisphere, including a loss of the ciliated ring (lower panel, right).
(C) Targeted treatment of the animal micromeres 1a1–1d1 caused a strong increase in nuclear b-catenin (upper panel, white) and led to 1-day-old
larvae with a hyperciliated animal hemisphere (lower panel, right, animal view).
(D) Temporally targeted treatment of the animal micromeres 1a11–1d11 caused a strong increase in nuclear b-catenin (white in top row) and led to
1-day-old larvae with hyperciliated animal hemispheres (lower row, right, animal view).
Controls in (B), (C), and (D), treated with an equivalent volume of the inhibitor solvent (DMSO), developed into 1-day-old larvae (lower panel, animal
views) with a ciliated ring (prototroch) and prominent adherens junctions located between the animal and the vegetal hemisphere, as shown by stain-
ing for acetylated a-tubulin (lower row, white, animal view) and b-catenin (upper row, white), respectively. Upper schemes show targeted cells (as-
terisk), their sister cells, their prospective wild-type cell fates, and the wild-type b-catenin pattern (red). Targeted blastomeres are identified in the
confocal images (asterisk). White channels (upper row) show the localization of b-catenin. Triple channels in the upper row show b-catenin in red,
a-tubulin in green, and histone in blue; triple channels in the lower row show b-catenin in red, a-tubulin in green, and acetylated a-tubulin in blue.consequences of elevated b-catenin levels in the first mi-
cromeres, 1a–1d, which normally produce anterior larval
structures including the prototroch, a ciliated ring used
for locomotion (Ackermann et al., 2005; Dorresteijn,
1990; Wilson, 1892). Elevation of b-catenin in 1a–1d re-
sulted in a loss of the ciliated ring and anterior head struc-
tures including eyes (Figure 6B; Figure S5; data not
shown). We conclude that ectopic stabilization of b-cate-
nin in temporally targeted animal-pole micromeres (the80 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Incmesentoblast 4d, and the first micromeres, 1a–1d) caused
the loss of animal-pole sister-cell fates, as we would pre-
dict from the invariant Platynereis cell lineage.
As a further test for functional requirements, we used
GSK-3b inhibitors to activate b-catenin after division of
the first micromeres, or after the division of their first ani-
mal-pole descendants. These asymmetric cell divisions
segregate vegetal sister cells that produce ciliated de-
scendants (1a2–1d2, and 1a12–1d12) from animal sisters.
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1a11–1d11). Temporally targeted elevation of b-catenin in
1a1–1d1 or 1a11–1d11 caused a highly penetrant and dra-
matic hyperciliated phenotype: cilia-bearing cells were in-
creased in number and expanded toward the animal pole,
instead of being confined to a circumferential ring (Figures
6C and 6D; Figure S6). To examine the temporal specific-
ity of these phenotypes, we treated synchronized staged
embryos from the same fertilization during a sliding
45 min time window. Hyperciliated larvae were only found
after treatments that targeted the animal/vegetal cell
divisions of the first micromere descendants 1a1–1d1,
and 1a11–1d11 (Figure S5).
We also compared additional morphological features of
untreated wild-type controls and 1-Azakenpaullone-
treated embryos (Figure S6). In wild-type embryos, the
four animal-pole sister cells 1a1–1d1 give rise to the pretro-
chal head region including the nonciliated epidermis, lar-
val gland cells, eyes, and 4–8 ciliated cells that join the
prototroch. The vegetal-pole sisters 1a2–1d2 each divide
twice and terminally differentiate into 16 ciliated cells. If
ectopic activation of b-catenin causes an animal-to-vege-
tal transformation, one would expect the targeted animal-
pole micromeres (1n1) to adopt the fates of their vegetal-
pole sisters (1n2). As a consequence, (1) the cell fates of
1n2 should be duplicated (16 3 2, or 32 ciliated cells;
see Figure S6) and occupy the territory of the 1n1 progeny,
and (2) the cell fates of the 1n1 progeny (including eyes)
should be lost in treated embryos. As predicted, we
counted 24 or fewer terminally differentiated ciliated cells
in control (untreated) larvae (8/8) and 32 or more ciliated
cells in treated larvae (6/6; see Figure S6). Furthermore,
the animal territory of treated larvae was almost com-
pletely occupied by ciliated cells and never developed
eyes or other head structures in later larval stages
(Figure S6). We conclude that the animal-pole sisters
adopted the fates of their vegetal sisters, further support-
ing the functional importance of the extensive sister-cell
asymmetries in b-catenin levels observed throughout em-
bryogenesis in Platynereis.
DISCUSSION
We have documented sister-cell asymmetries in nuclear
b-catenin levels after animal/vegetal-oriented cell divi-
sions throughout embryogenesis in a lophotrochozoan,
the spiral-cleaving polychaete Platynereis dumerilii
(Figure 7A). As this asymmetry mechanism utilizes a highly
conserved b-catenin that is negatively regulated by GSK-
3b, we conclude that a ‘‘canonical’’ b-catenin pathway
can establish sister-cell-fate asymmetries throughout
much of development in an animal embryo.
It is intriguing that key components of the widely con-
served Wnt cell-signaling pathway appear to specify cell
fate throughout development in an embryo that, given
the invariance of the embryonic cell lineage and the prev-
alence of asymmetric cell divisions, has been viewed as
a classic example of mosaic development. Indeed, the
patterns of nuclear and cytoplasmic b-catenin localizationDin the Platynereis embryo are remarkably similar when the
cell lineages of each quadrant (A–D) are compared (Fig-
ures S3 and S4), much as the cell sizes and cell cycles
are similar within each lineage (Figure 1B) (Dorresteijn,
1990; Wilson, 1892). These stereotyped patterns of b-cat-
enin distribution were especially apparent in pixel-inten-
sity measurements (see Figure S2F: 1a111–1d111, 1a12–
1d12, 1a21–1d21, 1a22–1d22, 3a–3d) and were consistently
observed in different batches of fixed and stained em-
bryos (Figure 3: 1a2–1d2; Figure 4A: 1a21–1d21, 2a–2d;
Figure 4B: 2c2 and 2d2). This finding suggests that a ste-
reotyped regulation of b-catenin stability is recapitulated
in the cell lineage of each quadrant. Finally, it is worth not-
ing that this b-catenin asymmetry is absent after the two
transverse cell divisions that establish bilateral symmetry
for the trunk ectoderm and mesoderm. These observa-
tions may inform our understanding of the relationship be-
tween more regulative and more determinant modes of
development, and of the emergence of bilateral symmetry
during animal evolution.
One obvious question is how these reiterative patterns
of b-catenin localization within the polychaete embryo
are generated. Cell-isolation studies may reveal whether
the b-catenin asymmetries are established cell autono-
mously, or whether there are global or local cues, such
as the Wnt ligands, that act through GSK-3b to influence
b-catenin stability. Some Wnt genes have already been
isolated from Platynereis (Prud’homme et al., 2002), and
a survey of Wnt genes in trace archives of annelid and
mollusk genomes has identified the 13 Wnt gene families
that are thought to represent the ancestral bilaterian Wnt
gene complement (S.Q.S., unpublished data). We have
discovered this regulation of b-catenin asymmetry in a
spiralian embryo. In another spiralian embryo, the snail
Ilyanassa, the asymmetric segregation of centrosomally
localized mRNAs influences the specification of sister-
cell fates (Lambert and Nagy, 2002). Whether these two
mechanisms are related is not clear.
The Platynereis b-catenin localization pattern shares
some similarities with other metazoan embryos, including
sea urchins, ascidians, sea anemones, and vertebrates. In
all of these embryos, nuclear b-catenin asymmetries are
observed in early cleavage-stage embryos; nuclear b-cat-
enin levels are elevated in blastomeres in the vegetal
hemisphere in a sea urchin and an ascidian (Imai et al.,
2000; Logan et al., 1999), in dorsal-vegetal blastomeres
in frog and fish (Larabell et al., 1997; Schneider et al.,
1996), and in animal-hemisphere blastomeres in the sea
anemone (Wikramanayake et al., 2003). In all cases, the
animal pole is defined by the position of the meiotic polar
bodies (Figure 7B). Furthermore, elevated nuclear levels of
b-catenin are required for endoderm specification in sea
urchins, ascidians, and sea anemones (Davidson et al.,
2002; Imai et al., 2000; Logan et al., 1999; Wikramanayake
et al., 2003). Consistent with a similar requirement in Pla-
tynereis, we observed elevated levels of nuclear b-catenin
in the most vegetal blastomeres, macromeres 4A–4D that
produce endoderm. However, we do not yet know if b-cat-
enin is required for endoderm specification in Platynereis.evelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 81
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b-Catenin Asymmetries in a PolychaeteFigure 7. Nuclear b-Catenin Activation in Platynereis and Other Metazoan Embryos
(A) Schematic summary of b-catenin asymmetries in animal and vegetal sister nuclei in cell lineages of the A, B, C, and D quadrants during the first 7 hr
of embryogenesis (also see Figure S2). Gray indicates low levels of b-catenin; red indicates high levels. In nearly all lineages, b-catenin levels are high
in vegetal-pole sisters and low in animal-pole sisters. b-catenin asymmetries are absent after the bilaterally symmetrical divisions of 4d and 2d112 and
transverse divisions of 1n22. Reversals in the asymmetries occur during the segregation of 4d12, 4d22, 4d112, and 4d212, which are regarded as pri-
mordial germ cells. The cell fates produced by cell lineages from all four quadrants are indicated. Trunk ectoderm, trunk mesoderm, and germ cells
are only produced by cell lineages in the D quadrant (asterisk).
(B) Schematic representation of the observedpattern ofb-catenin activation in thepolychaetePlatynereis, the nematodeC.elegans, and the sea urchin
Lytechinus variegatus (polar bodies at the top mark the animal pole; the vegetal pole is located at the bottom). Black bars connect sister-cell pairs.
(C) Scenario 1 for the evolution of b-catenin asymmetries proposes ametazoan and bilaterian ancestor with a vegetal b-catenin signaling center. This
scenario requires the evolutionary gain of b-catenin-mediated binary specification systems in protostomes.
(D) Evolutionary scenario 2 proposes an ancestral b-catenin-mediated binary specification system inmetazoans and bilaterians. This scenario invokes
a loss of binary specification in deuterostomes. The numbered arcs illustrate the existence of extensive gene-regulatory networks (e.g., Hox genes)
along the animal/vegetal axis that were already established in a bilaterian ancestor.82 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc.
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in Platynereis and C. elegans
While sharing some similarities with other metazoan
embryos, the animal/vegetal b-catenin asymmetries in
Platynereis are strikingly reminiscent of the anterior-
posterior asymmetries of b-catenin activation that control
cell-fate specification throughout development in the
nematode C. elegans (Figure 7B) (Kaletta et al., 1997;
Lin et al., 1998; Park and Priess, 2003; Phillips et al.
2007). In both species, the animal pole of the early
embryo—marked by two polar bodies—produces ante-
rior structures, while the vegetal pole produces posterior
structures and endoderm, suggesting a homology of an-
imal/vegetal sister-cell pairs in Platynereis with the ante-
rior-posterior sister-cell pairs in C. elegans. Increased
levels of b-catenin specify vegetal-/posterior-pole sister-
cell fates, while lower levels specify animal-/anterior-pole
sister-cell fates, operating as a binary specification mod-
ule throughout embryogenesis in both species. Further-
more, an absence of b-catenin asymmetry is observed
in both species after bilaterally symmetrical and trans-
verse cell divisions, and after the first two cell divisions
(Lin et al., 1998) (Figure 5; S.Q.S., unpublished data).
Thus, the overall pattern of b-catenin activation is
extraordinarily similar in both species. Finally, while b-
catenin-mediated binary specification modules have
thus far been described only in Platynereis and C.
elegans, the animal/vegetal-oriented cell divisions of
some blastomeres in sea urchin embryos produce ani-
mal-pole sister cells with low levels of nuclear b-catenin
and vegetal-pole sisters with high levels, apparently by
using a cell-autonomous mechanism (Figure 7B) (Logan
et al., 1999).
There also are differences in the binary cell-fate specifi-
cation modules that operate inC. elegans and Platynereis.
In C. elegans, two highly derived b-catenins (WRM-1 and
SYS-1) cooperate to activate target gene transcription in
posterior cells (Rocheleau et al., 1999; Kidd et al., 2005;
Lam et al., 2006). Enrichment of WRM-1 in posterior nuclei
promotes the export of most of the TCF homolog POP-1,
while increased nuclear levels of SYS-1 in posterior nuclei
convert the remaining POP-1 repressor into a transcrip-
tional activator. In contrast, Platynereis binary cell-fate
specification uses a highly conserved b-catenin that is
negatively regulated by GSK-3b, as in canonical Wnt sig-
naling, while GSK-3 acts positively in the noncanonical
C. elegans Wnt pathways (Herman and Wu, 2004). Fur-
thermore, we found an equal segregation of b-catenin to
mitotic spindle poles, followed by an increase in nuclear
b-catenin levels in vegetal-pole sister cells. In C. elegans,
SYS-1, but notWRM-1, becomes enriched at both spindle
poles (Phillips et al., 2007), while both WRM-1 and SYS-1
become enriched in posterior nuclei (Nakamura et al.,
2005; Phillips et al., 2007; Takeshita and Sawa, 2005).
The similarities between both species suggest a mono-
phyletic protostome origin of binary cell-fate specification,
while the distinct molecular mechanisms that operate in
each species perhaps favor independent and convergent
evolutionary origins.DEvolutionary Origin of b-Catenin-Mediated
Binary Specification
Weare particularly interested in the origin of the b-catenin-
mediated binary specification systems now documented
in two evolutionary distant bilaterian animal species,Platy-
nereis and C. elegans. One scenario (Figure 7C) invokes
a metazoan and bilaterian ancestor with a b-catenin-me-
diated vegetal signaling center that specifies endoderm
fate. This pattern has now been found in one cnidarian,
several echinoderms, in an ascidian, and, in slightly mod-
ified versions, in several vertebrates (Croce and McClay,
2006; Lee et al., 2006; Martindale, 2005). However, this
scenario requires the evolutionary gain of a b-catenin-
mediated binary specification system either once in a pro-
tostome ancestor for a monophyletic origin of binary
specification, or, independently, twice in the nematode
and polychaete lineages for a convergent evolution of
binary specification. In both cases, such an evolutionary
transition would have required the extensive integration
of a b-catenin-mediated specification system into already
elaborate gene-regulatory networks of the bilaterian an-
cestor, including the deeply conserved anterior-posterior
Hox system. If this scenario is correct, we need to under-
standhowbinary specification aroseduring evolution. Per-
haps the appearance of binary specification reflects the
advantages of using the rapid turnover of b-catenin to
mediate numerous changes in gene regulation in response
to multiple episodes of cell signaling (reviewed in Willert
and Jones, 2006). The evolutionary cooption of such regu-
lationmight be especially useful for animals likeC. elegans
and Platynereis, with rapidly developing embryos, short
embryonic cell cycles, and invariant cell lineages.
An alternative scenario, presented in Figure 7D, involves
an ancient b-catenin-mediated binary cell-fate specifica-
tion system that was already present in a metazoan
ancestor, before the evolution of elaborate downstream
gene-regulatory networks. This binary system would
then have been retained in a bilaterian ancestor, and in
the polychaete and nematode branches, but lost or
modified in several metazoan lineages, including deutero-
stomes and cnidarians (with a retained requirement for b-
catenin stabilization to specify endoderm in most
branches; see above). If the second scenario is correct,
it should be possible to find evidence for b-catenin-medi-
ated binary specification in other metazoans, especially in
bilaterian outgroups such as cnidarians, placozoans,
ctenophores, and the intermediate acoel flatworms
(Martindale, 2005). It also will be important to look for
binary specification in more nematode and spiralian spe-
cies to assess the conservation of this mechanism within
these taxa. Finally, it would be informative if remnants of
binary specification exist but have not yet been detected
later in development within vertebrates and other bilater-
ians that do not utilize b-catenin-mediated binary specifi-
cation during early embryogenesis. We suggest that
reiterative b-catenin asymmetries that mediate binary
specification of cell fates are not an odd evolutionary nov-
elty of fast-evolving nematode species, but may well have
originated from an ancient metazoan ancestor.evelopmental Cell 13, 73–86, July 2007 ª2007 Elsevier Inc. 83
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Animal Culture
Embryos and larval stages were obtained from established Platynereis
dumerilii breeding cultures in our laboratory as described (www.
platynereis.de) (Fischer and Dorresteijn, 2004). Experiments were per-
formed in sterilized natural seawater (NSW) from Charleston, Oregon
at 19C.
Gene Isolation and Sequence Analysis
Degenerate primers were designed to the Armadillo-repeat region of
metazoan b-catenin homologs (Schneider et al., 2003). Gene frag-
ments were obtained by PCR amplification from staged (6, 24, and
48 hr) embryonic cDNA libraries (generously provided by C. Heimann
and A. Dorresteijn). PCR fragments were cloned in the pGEM-T Easy
Vector (Promega). Sequencing of 30 clones from 5 independent PCR
amplifications revealed cDNA fragments encoding only one Platyner-
eis b-catenin. Full-length sequences for b-catenin were established
by sequencing clones obtained from a bacteriophage l-packaged
Platynereis cDNA library (48 hr). The radiolabeled probe was generated
by using random primed labeling of PCR fragments (REDIprime ran-
dom prime labeling kit; Amersham). Phage plaques were grown to
high density in NZY-top agar with a bacterial lawn, transferred to a Hy-
bond-N+ nylon membrane, and hybridized with probe under stringent
conditions according to protocols from the manufacturer (Amersham).
One positive phage clone was found in about 10,000 plaques.
Sequencing of five randomly chosen positive cDNA clones revealed
two full-length (5861 nt) and three partial clones encoding Platynereis
b-catenin (length: 833 amino acids). Sequencing was done on an ABI
Prism automated fluorescent sequencer (Perkin-Elmer) at the Univer-
sity of Oregon DNA sequencing facility. The sequence was submitted
to GenBank (EF581779). Additional full-length b-catenin sequences for
other species were retrieved from NCBI. b-catenins were analyzed by
using ClustalW sequence alignment and the NJ algorithm included in
the MacVector software, as previously described (Schneider et al.,
2003).
Immunoblotting
To extract proteins from embryonic and larval stages (4 hr to 5 days
old), batches of 2000–4000 specimens were concentrated by centrifu-
gation (3000 rpm for 30 s at 4C), homogenized with the Mini-Bead-
beater (Biospec Products) in 500 ml ice-cold RIPA buffer (0.1% SDS,
0.5% DOC, 1% NP-40, 150 mM NaCl, 1 mM CaCl2, 50 mM Tris/HCl
[pH 7.4], and protease inhibitors), and boiled after adding 53 SDS
sample buffer. Total protein extract from 200–400 specimens was
separated by SDS-PAGE gel electrophoresis, transferred to nitrocellu-
lose, and probed sequentially with antibodies to b-catenin (rabbit;
1:1000) and a-tubulin (rat; 1:2000; Serotec) as loading controls (not
shown) by using standard methods (Harlow and Lane, 1999). HRP-
conjugated secondary antibodies (Jackson) and enhanced chemilumi-
nescence were used for detection.
Immunohistochemistry
For immunostainings, synchronized batches of 2- to 18 hr-stage em-
bryos were treated in 25 ml TCMFSW (50 mM Tris, 495 mM NaCl,
9.6 mM KCl, 27.6 mM Na2SO4, 2.3 mM NaHCO3, 6.4 mM EDTA
[pH 8.0]) twice for 4 min prior to fixation to permeabilize the eggshell.
Embryos were transferred to fixative (4% PFA in phosphate-buffered
saline [PBS] supplementedwith 0.1%Tween [PBT]) and fixed overnight
at 4C on a nutator. After five washes with PBT, embryos were directly
used or stored for up to 5 days in PBS supplemented with 0.01%Azide
at 4C. Older stages (24–72 hr) were fixed for 2 hr at room temperature
and washed and stained, or they were stored in PBS/Azide at 4C (for
phalloidin staining) or in methanol at 20C. Fixed embryos were
blocked for 1 hr at room temperature in 13 PBS, 0.1% DMSO, 0.1%
Tween, 2 mg/ml BSA, 4% normal goat serum (Block 1) and were incu-
bated with primary antibodies in Block 1 overnight at 4C. After six
washes in PBT, specimens were incubated with secondary antibodies84 Developmental Cell 13, 73–86, July 2007 ª2007 Elsevier Incin Block 1 for 2 hr at room temperature. After six washes in PBT, spec-
imens were mounted in PBS slightly pressed on slides, allowing for
acquisition of a confocal Z-series of equal intensity throughout the
entire embryo. Primary antibodies and reagents used for this study
include affinity-purified rabbit b-catenin (1:100; Schneider et al.,
1996), rat a-tubulin (1:100; Serotec), mouse histone (1:200; Abcam),
mouse g-tubulin (1:2000; Sigma-Aldrich), mouse a-acetylated tubulin
(1:400; Sigma-Aldrich), and phalloidin-Oregon green (1:50; Molecular
Probes). Fluorescent-conjugated secondary antibodies (Jackson)
were used.
Confocal Analysis and Reconstruction
Images were collected with a Biorad Radiance confocal microscope
with a 403 objective. A complete Z-series was taken. For the monitor-
ing of endogenous b-catenin localization, 276 embryos were analyzed
from 43 different time points, ranging from the 2-cell stage at 2 hr
30min to the 196-cell stage at 12 hr, obtained from 8 separate fertiliza-
tions (Figure S2A). Each individual blastomerewas identified during the
first 8 hr of embryogenesis and, for some cell lineages, until 12 hr (2d,
4d, 1a–1d) according to cell-lineage observations as described (Dor-
resteijn, 1990; Schneider et al., 1992; Wilson, 1892). LaserSharp and
Volocity software were used to view the Z-series and reconstructed
embryos (Figure S2B; Movie S1).
Pixel-Intensity Measurements
Confocal images from fixed, stained, and reconstructed embryos that
represented optical sections through every nucleus of the analyzed
embryonic stage were chosen (Figures S2B–S2F). Each section was
drawn, and individual blastomeres were identified and labeled. The
software ImageJwas used tomeasure themean pixel intensities within
five randomly selected areas within nucleus, yolk-free cytoplasm, and
spindle poles of every blastomere. The measurement of mean pixel
intensities enabled us to vary the selected area size depending on
the sizes of nuclei, cytoplasm, and spindle poles in early and later em-
bryonic stages. The calculated standard variation from five indepen-
dent measurements illustrates the homogeneity of the distribution of
b-catenin within the usually less variable nuclei and more variable
cytoplasms (see Figures S2E, S2F, S3, and S4).
Treatment with GSK-3b Inhibitors
We determined in initial experiments the effects of different concentra-
tions of inhibitor (lithium ions: 30 mM, 60 mM, 120 mM; Alsterpaullone:
0.5–5 mM; 1-Azakenpaullone: 0.5–5 mM) and different time windows of
treatment on morphology (see Figure S5) and endogenous b-catenin
levels of embryos. 5 mM 1-Azakenpaullone produced the quickest re-
sponse (within 45min), and the resulting increases in nuclear b-catenin
levels in targeted animal sisters most closely approached the endoge-
nous levels observed in their vegetal sister cells in untreated embryos.
5 mM stocks of Alsterpaullone (Calbiochem) and 1-Azakenpaullone
(Calbiochem) in DMSO were kept at 20C and then diluted in steril-
ized NSW to the desired concentrations. Controls include untreated
and DMSO-treated embryos (shown in figures). Batches of 200–
400 embryos were used per treatment. Time windows for temporally
targeted treatments: 4d, 5 hr 15 min to 6 hr; 1a–1d, 3 hr to 3 hr
45 min; 1a1–1d1, 3 hr 45 min to 4 hr 30 min; 1a11–1d11, 4 hr 15 min
to 5 hr. A total of 100–150 embryos were fixed directly after treatment
for immunohistochemistry (two brief washes [2 3 1 min] in 25 ml ster-
ilized NSW, 2 3 4 min incubation with TCMFSW before fixation). The
remaining treated embryos were washed (2 3 5 min, 1 3 15 min)
and kept in NSW for morphological observation and later fixations at
selected time points (24, 48, and 72 hr). Experiments were repeated
at least three times.
Supplemental Data
Supplemental Data include Figures S1–S6, Table S1, and Movie S1
and are available at http://www.developmentalcell.com/cgi/content/
full/13/1/73/DC1/..
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